Introduction
The technique of in situ hybridization histochemistry provides a powerful research tool in cell biology and pathology to demonstrate the cellular expression of DNA or RNA sequences in a heterogeneous cell population (1-7,10,11,13). Among embedding methods for tissues, paraffin sections are better than frozen sections for preserving tissue morphology (6). With regard to fixatives, buffered 4% paraformaldehyde is widely used since it does not cross-link proteins so extensively as to prevent probe penetration as does glutaraldehyde (6). However, the use of only paraformaldehyde for fixation of soft tissues does not always result in good preservation of tissue morphology; in eyes, for example, the neural retina is frequently detached from the pigment epithelium (1,5,10).
We have recently used in situ hybridization histochemistry to
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Correspondence to: Fumiyuki Uehara, Dept. of Ophthalmology, Kagoshima University Faculty of Medicine, 8-35-1 Sakungaoka, Kagoshimashi 890, Japan. tion was variable among the retinal cells in heterogeneous layers. By addition of glutaraldehyde to paraformaldehyde or with glutaraldehyde alone, it was easy to establish the appropriate time for the unmasking procedure, since intense mRNA signals were constant throughout the retina by proteinase K digestion for more than 30-60 min. Ushg a fkative that causes stronger cross-linking (e.g., glutaraldehyde) is recommended to improve not only the morphology but also the stability of hybridization signals in in situ hybridization histochemistry with paraffin embedding and digoxigenin-labeled RNA probes. (JHisrdem Cyfdem
41947-953, 1993)
KEY WORDS: Glutaraldehyde; Paraformaldehyde: Fixative; In situ hybridization; Rat: Retina: Pgalactoside a2,6-sialyltransferasc. determine the expression site for mFNA of retinal glycoconjugates, using 4% paraformaldehyde for tissue fixation followed by paraffin embedding. We found in preliminary experiments that, in addition to poorly preserved morphology associated with frequent retinal detachment, hybridization signals were not necessarily consistent or reproducible in different experiments. To overcome the technical problems, we then tried adding glutaraldehyde to the fixative of 4% paraformaldehyde-PBS or using glutaraldehyde alone. With these modified fixatives and a stronger unmasking procedure, accompanied by longer incubation with proteinase K, we are now confident in obtaining satisfactory histochemical results consisting of improved preservation of retinal morphology and reproducible mRNA hybridization signals.
Materials and Methods
Materials. We obtained a digoxigenin RNA labeling kit, E. colitRNA.
RNAse A, blodring powder, anti-dipxipin antibody conjugated with alkaline phosphatase, color substrate (nitroblue tetrazolium salt, S-bromo-4-chloro-3-indolyl phosphate, toluidinium salt), and RNAse inhibitor from Boehringer Mannheim (Mannheim, Germany), poly-L-lyshe and Denhardtf solution from Sigma (St Louis, MO), and proteinase K. glycine, forma-mide, dextran sulfate, and all other reagents from Nacalai Tesque (Kyoto, Tissue Preparation. Albino male Wistar rats at 8-10 weeks of age were maintained in cyclic lighting conditions (12 hx on/l2 hr off). They were sacrificed by an overdose of carbon dioxide between 1000 and 1100 hr, and were immediately perfused with fixative (4% paraformaldehyde-PBS, 0.5% glutaraldehyde, 4% paraformaldehyde-PBS) or 2.5% glutaraldehyde-PBS for 5 min. The eyes were dissected out, immersed in the same fixative at 4' C overnight, bisected along the vertical meridian, rinsed in PBS, dehydrated in a graded series of ethanol, and embedded in paraffin. Tissue sections were cut at 8 pm thickness and mounted on slides coated with poly-Llysine. In Situ Hybridization. The sections were deparaffied by placing slides in three changes of xylene each for 10 min, hydrated in a graded series of ethanol, rinsed in PBS, and incubated in PBS containing pre-digested proteinase K (20 pg/ml; 0.68 Ulml) for a variety of times (0, 3, 5, 10, 20, 30, 40.60, 90, or 120 min) at 37'C. After incubation with proteinase K, slides were washed in PBS, refiied in 4% paraformaldehyde-PBS for 5 min, washed in PBS containing glycine (2 mg/ml), rinsed in 0.1 M uiethanolamine (pH 8.0) for 5 min. acetylated in the same buffer containing 0.25% acetic anhydride for 10 min at room temperature, rinsed in twice-concentrated standard saline citrate buffer (2 x SSC), dehydrated in graded ethanol, and finally air-dried.
Hybridization was done in a mixture containing 50% deionized formamide, Denhardt's solution, E. coli tRNA (1 mg/ml), 20 mM Tris-HC1 (pH 8.0), 2.5 mM EDTA (pH 8.0), 300 mM NaCI, 10% dextran sulfate, and RNAse inhibitor (60 Ulml). We used an anti-sense RNA probe complementary for the B-galactoside a2,6-sialyltransferase mRNA (324-561) (12) and a sense RNA probe of the same sequence as the enzyme mRNA (324-561) obtained by the method previously reported using a digoxigenin RNA labeling kit (10). The tissue sections were covered with the hybridization mixture (60 pllslide) containing either of the digoxigenin-labeled RNA probes (1 pglml) and coverslips, and then were incubated in a closed moist chamber containing 50% formamide, 2 x SSC for 36 hr at 45°C to allow hybridization. After hybridization, the coverslips were removed gently in 2 x SSC and the slides were then washed in 50% formamide, 2 x SSC for 1 hr at 45"C, rinsed in 10 mM Tris-HC1 (pH 8.0). 500 mM NaCI, treated with RNAse A in 10 mM Tris-HC1 (pH 8.0), 500 mM NaCl for 30 min at 37"C, and washed in 10 mM Tris-HC1 (pH 8.0), 500 mM NaCl for 30 min at 37°C. The slides were then washed in 2 x SSC, 0.5 x SSC, and 0.1 x SSC for 30 min each at 5O'C, rinsed in 0.1 M Tris-HC1 (pH 7.5), 150 mM NaC1, treated in blocking buffer (1% blocking powder in the same buffer) for 30 min at room temperature, and incubated with anti-digoxigenin antibody conjugated with alkaline phosphatase (AP) (4 pllml 0.1 M Tris-HC1, pH 7.5, 150 mM NaCI) for 2 hr at room temperature. The slides were then washed in the same buffer without anti-digoxigenin antibody for 30 min, rinsed in 0.1 M Tris-HC1 (pH 9.5), 100 mM NaCI, 50 mM MgC12, and incubated with color substrate (nitroblue tetrazolium salt, 0.34 mg/ml; 5-bromo-4-chloro-3-indolyl phosphate, toluidinium salt, 0.18 mg/ml) in the same buffer overnight (14-16 hr) at room temperature. The sections were examined with a light microscope and photographs were taken with Fuji Neopan F film.
In all experiments, the specificity of the hybridization was tested by comparing the intensities of AP-blue color between those paired, adjacent sections that were treated with proteinase K for the same period and hybridized with either the anti-sense or the sense RNA probe. For each of the sections fixed with 4% paraformaldehyde-PBS, 0.5 % glutaraldehyde, 4% paraformaldehyde-PBS, and 2.5% glutaraldehyde-PBS, intensities and distribution of specific hybridization signals were evaluated with respect to the time of proteinase K treatment Japan).
Results

Fktion witb 4 YO Parafomaldebyde-PBS
With this fixative retinal detachment occurred frequently, resulting in failure to illustrate in the layout of light micrographs the retinal pigment epithelium and choroid because of separation from the photoreceptor outer segments (Figures 1A-1F) .
Retinal sections hybridized with the sense RNA probe had only weak background staining in the ganglion cell layer, inner and outer nuclear layers, and photoreceptor outer segments, whatever the duration of the unmasking procedure with proteinase K ( crease of digestion time up to 30 min ( Figures 2B-2E) , and remained constant for over 30 min digestion up to 120 min ( Figure 2F ). The intensity of staining in the inner and outer nuclear layers and inner segments was much stronger than that in any sections fixed with 4% paraformaldehyde-PBS.
Fimtion with 2.5 % Ghtaraldehyde-PBS With this fixative, retinal morphology was as well preserved as the retina fixed with 0.5 % glutaraldehyde, 4% paraformaldehyde-PBS ( Figures 3A-3F ). The sections hybridized with the sense RNA probe also showed only background staining throughout the retina, regarded as nonspecific ( Figure 3A , 40-min digestion with proteinase K). Incubation of sections with the anti-sense probe revealed distinct specific staining in the ganglion cells, the cells of the inner and outer nuclear layers, and the inner segments. The intensity of the specific labeling increased in all of these cells with increase of incubation time with proteinase K up to 40 min (Figures 3B3E) and remained constant for over 40 min of digestion up to 120 min ( Figure 3F ). The intensity of signal in the retinal cells was almost the same as in the sections fixed with 0.5% glutaraldehyde, 4% paraformaldehyde-PBS.
These results with the use of either 0.5% glutaraldehyde, 4% paraformaldehyde-PBS, or 2.5 % glutaraldehyde-PBS for the fixative were consistent and reproducible in repeated experiments on different sections from different animals.
Discussion
B-Galactoside a2,6-sialyl&re forms the sialic acid a2,6 galactose p1,4 N-acetylglucosamine (SAa2,6Gal~1,4GlcNAc) sequence , common to many N-glycosidically linked glycoconjugates (12). The previous lectin histochemical applications of Ricinus communis agglutinin-1 (recognizing Galpl, 4GlcNAc) on neuraminidase pretreated or non-treated retinal sections indicate that sialylated N-glycosidically linked glycoconjugates are evidently present in all layers of the retina (9), suggesting that mRNA for a2,b-sialyltransferase is expressed in the ganglion cells and in the cells in the inner nuclear and outer nuclear layers. In the present study, the distribution of a2,6-sialyltransferase mRNA was compatible with our expectations and was most prominently detected in the retinal tissues when they were fixed with either 0.5 % glutaraldehyde, 4% paraformaldehyde-PBS, or 2.5 % glutaraldehyde-PBS and predigested with proteinase K for longer than 30 or 40 min, respectively.
For fixation in in situ hybridization histochemistry using paraffin embedding, buffered 4% paraformaldehyde has been widely used because it does not cross-link proteins so extensively as glutaraldehyde (6). However, the present study indicates that addition of glutaraldehyde buffered paraformaldehyde or the use of glutaraldehyde alone not only improves the morphological preservation of soft tissues such as the retina but also facilitates the stability of hybridization signals, although it requires stronger unmasking procedures by means of longer incubation with proteinase K.
When 4% paraformaldehyde-PBS was used for the fixative, it was difficult to determine the most appropriate length for proteinase K digestion, probably because of differences in opthal fixauon conditions between the separate regions in a retina consisting of heterogeneous cell layers; the digestion periods giving the most intense hybridization signal were not well reproducible in different experiments. Paraformaldehyde does not cross-link proteins so extensively that RNAs can be removed by excessive proteinase K digestion, as well as the proteins around nucleic acids.
On the other hand, use of glutaraldehyde for the fixative allowed optimization of the time for the unmasking procedure. Once the proteins around RNAs were removed by long enough pretreatment of sections with proteinase K (longer than 30-40 min in the present study), the signals of the mRNA throughout the retina were consistently detected by longer proteinase K digestion, up to 120 min. It is likely that the RNA is not removed by proteinase K treatment under these conditions.
In a previous study of in situ hybridization histochemistry detecting interphotoreceptor retinoid binding protein (IRBP) mRNA in human and squirrel retinas, it was reported that tissues fixed with either 4% paraformaldehyde alone or 4% paraformaldehyde with 0.5 % glutaraldehyde produced virtually identical results (8).
Since the authors used different embedding material (synthetic wax diethylene glycol distearate), we cannot directly compare their results with our present ones. However, in their published photomicrographs, Figures 1 and 2 do not show the retinal pigment epithelia, whereas Figure 3 demonstrates the retinal pigment epithelium, and the densities of hybridization grains in Figures 1 and 2 seem to be more intense than those of Figure 3 using anti-sense RNA probes (8) . Although the authors do not describe the kinds of fixation in each figure, it is possible to interpret that the tissues in Figures  1 and 2 were fixed with 4% paraformaldehyde alone, whereas those in Figure 3 were fixed with 4% paraformaldehyde and 0.5% glutaraldehyde. Since the IRBP "As are selectively expressed in the photoreceptor cells, the results must have been identical in tissues fixed with either 4% paraformaldehyde alone or 4% paraformaldehyde with 0.5 % glutaraldehyde.
In conclusion, we believe that a stronger cross-linking fixative such as glutaraldehyde provides more convenient and better results for in situ hybridization histochemistry using paraffin embedding and digoxigenin-labeled RNA probes than the combination of 4Oh paraformaldehyde and PBS that has been routinely used in previous studies (1,5,10), in particular in studies of such soft tissues as the retina. Of note is that the use of glutaraldehyde alone reduces the time required for preparation of the fixative, since only dilution of the original solution of glutaraldehyde with PBS is required without dissolving the paraformaldehyde powder. 
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